INTRODUCTION
Gene expression patterns must be stringently regulated according to the nutritional needs of the cell and environmental conditions. For bacteria, these circumstances can change rapidly and drastically. For example, an enteric organism like Escherichia coli that has been growing under relatively nutrient-rich, stable conditions can suddenly find itself relocated to a hostile environment that is essentially devoid of nutrients. To survive such a transition, this organism possesses a wide variety of metabolic and genetic regulatory networks that enable it to rapidly adjust to new conditions.
Our current understanding of the regulatory systems that coordinate gene expression in E. coli involves several hierarchical levels-local control of individual operons, regional control of multiple operons within a regulon, and of multiple regulons within a stimulon or modulon (59), and global control of overall expression patterns ( Figure 1 ). The most basic and best-understood level is the regulation of individual operons. Many different types of operon-specific control mechanisms have been described, each of which responds to regulatory signals that are closely related to its function. For example, the expression of an operon encoding genes for a biosynthetic pathway commonly is repressed by pathway-specific end-products, while expression of an operon encoding genes for a catabolic pathway often is activated by pathway-specific substrates. The DNA binding proteins that mediate operon-specific regulation commonly are present in small numbers by the combined influences of many factors, including DNA binding proteins, transcription, replication, and the activities of topoisomerase enzymes (21, 27, 51) .
Nucleoids that have been carefully removed from E. coli are bound by a variety of proteins. Some of these DNA binding proteins stabilize supercoils by wrapping the DNA into stably wound toroidal loops. These constrained supercoils are not lost when the DNA is nicked (66) . However, when these binding proteins are removed the constraint on these supercoils is released and the measured superhelix density changes, even though the actual linking number is invariant (75, 76, 91) . The portion of the overall supercoiling that is lost when the DNA is nicked is called unconstrained supercoiling, or superhelical tension. About 50% of the supercoiling in E. coli is constrained by protein binding (10, 11, 66, 69, 82) . A major source of this restraint comes from binding proteins that separate DNA strands, including proteins of the replication apparatus and RNA polymerase (RNAP). Architectural proteins such as HNS, IHF, and the histone-like HU proteins also restrain negative supercoils. It has been observed that HU-deficient mutant strains exhibit levels of supercoiling approximately 15% lower than those of wild-type strains (39) . Further reductions are seen in strains that also contain deletions of genes encoding other chromatin organizing proteins such as HNS and IHF (38, 65) .
The level of unconstrained superhelical tension within cells is determined by the activities of the enzymes DNA gyrase, and the DNA topoisomerases Topo I and Topo IV (27, 28, 34, 84) . DNA gyrase introduces negative supercoils into DNA by a reaction requiring the hydrolysis of ATP. Topo I removes negative supercoils, and thereby relaxes negative superhelical tension, in an ATP-independent reaction (99) . Although Topo IV also removes negative supercoils, its primary function appears to be resolving DNA knots and catenanes by a process that requires ATP (24) .
Early genetic studies revealed that secondary lesions in the genes encoding DNA gyrase (gyrA or gyrB) are always observed in strains in which the entire functional topA gene that encodes Topo I has been deleted. Null mutations in gyrB are lethal in these strains (25, 52, 63, 68, 70) . These results suggest that tight control of the interplay between Topo I and gyrase is necessary for optimal growth.
A variety of counterbalancing controls are maintained on gyrase and Topo I, involving regulation both of the activities of these enzymes and of the level of expression of their encoding genes. These controls collectively act as a homeostatic feedback system, maintaining the negative superhelical tension on the E. coli chromosome within narrow limits around an optimal level whose value depends on the growth phase of the cell and on environmental conditions (20, 28, 53, 87) .
Cellular Energy Charge and Global DNA Supercoiling Levels
The elegant and extensive studies by Atkinson , is the parameter that correctly describes the amount of metabolically available energy for the cell (1, 2, 18, 19) . They also demonstrated that, during states of metabolic adjustment when the energy charge transiently decreases, such as in the transition from aerobic to anaerobic growth, enzymes involved in ATPregenerating reactions are activated and enzymes involved in ATP-utilizing reactions are inhibited. In general, decreases in the energy charge induce increases in the rates of enzymes that produce ATP and decreases in the rates of enzymes that consume ATP, while increases in the energy charge have the opposite effect. Together these changes maintain the energy charge in homeostatic balance. These findings explain why, although the absolute levels of adenylate pools differ under different growth conditions, the energy charge of the cell remains constant at a value of ∼0.85 during balanced growth under all growth conditions. In stationary phase, however, the energy charge is maintained at a lower level (41) . To facilitate the following discussion, we refer to energy charge as the cellular [ATP/ADP] ratio, realizing that this is a simplification of Atkinson's definition.
Many studies have shown that the level of global negative supercoiling is controlled by the cellular energy charge. Because the enzymatic activity of gyrase is controlled by the intracellular [ATP]/[ADP] ratio, not by the free ATP concentration (38, 39) , high negative superhelical densities occur when cellular energy charge is high, and low negative superhelical densities occur when it is low (27, 29, 39, 95, 96) . It is well known that energy charge and DNA supercoiling play coordinated roles in cellular adaptation and survival, both under suboptimal growth conditions and during growth state transitions. In nongrowing E. coli cells in stationary phase where the [ATP/ADP] ratio is low, the superhelical density of a reporter plasmid is σ ≈ −0.03. As cells recover and enter into log phase, the [ATP/ADP] ratio increases and the global negative superhelical density moves into the midphysiological level of σ ≈ −0.05, a value typical during balanced growth (45) . Physical stresses alter both cellular energy charge and DNA supercoiling levels. For example, osmotic stress (salt shock) causes the cellular [ATP/ADP] ratio to transiently increase fourfold, and the negative superhelical density of the bacterial chromosome to increase to a value as high as σ = −0.09 (38) . During transitions from aerobic to anaerobic growth the cellular [ATP/ADP] ratio decreases, and the global negative superhelical density transiently falls from σ = −0.05 to σ = −0.038 (20) .
Effects of DNA Supercoiling on Gene Expression
Steck et al. used O'Farrell 2-D protein gel electrophoresis techniques to quantify the relative abundances of proteins expressed in E. coli strains containing nonlethal mutations in either gyrB or topA that alter the global superhelical density of the chromosome (84) . Of the 88 proteins whose abundances were quantified, 39% showed changes of abundance, and inferentially of cognate gene expression levels, during steady-state growth in oversupercoiling topA versus undersupercoiling gyrB mutants. Maximal abundances of some proteins occurred at supercoiling levels below that of the wild type, while others were most abundant at elevated negative superhelix densities. A third class exhibited optimum expression at a normal physiological supercoiling level.
There are many ways in which DNA template topology (i.e., an imposed linking difference Lk) can influence gene expression. These could involve changes of helicity, Tw, and/or changes of tertiary structure, Wr. The former include alterations of the helical twist of the B-form, and/or local transitions to alternative secondary structures having different helicities from that of B-DNA, while the latter require bending deformations. Supercoils that are stabilized by interactions with other molecules can be toroidal, but unstabilized supercoils commonly are plectonemically interwound. [For a recent review of the ways in which DNA topology can influence transcriptional activity see (23) ].
REGULATION BY SUPERHELICAL MODULATION OF HELICAL TWIST Drlica and coworkers showed that the level of supercoiling which gives optimal expression for promoters correlates with the length of the spacer region between their −35 and the −10 regions (84) . Promoters whose maximum expression occurs at low superhelical densities tend to have spacer regions that are shorter than 17 base pairs. Promoters whose maximal activity occur at high levels of supercoiling commonly have spacers that are longer than 17 base pairs. Promoters with 17 base pair spacers were preferentially optimized for normal physiological levels of supercoiling and showed less sensitivity to changes in supercoiling than did the others.
The relative orientation between the −35 and the −10 regions can strongly affect the ability of the σ 70 subunit of RNA polymerase (RNAP) to locate and bind to a promoter (92) . As negative supercoiling untwists DNA (i.e., Lk < 0, so Tw < 0), its effect on the helical twist of the spacer can explain the correlation between promoter spacer length, superhelicity, and activity. A long spacer region, with a larger intrinsic twist than would provide optimal alignment, will in this model become more active at higher negative superhelical densities because this deformation decreases twist. Conversely, a short spacer whose twist is less than optimal would have its activity decreased by negative supercoiling, and hence would be more active at smaller superhelix densities. Optimal recognition occurs with 17-base pair spacing containing the negative helical twist characteristic of a midphysiological superhelical density. Cell growth conditions that alter the global superhelical density of the chromosome, by changing the helical alignment of recognition elements within σ 70 promoters, would affect their activities accordingly. Examples of such a supercoiling-induced realignment mechanism have been demonstrated in promoters involved in processes as diverse as the cold-shock and osmotic-shock responses, amino acid biosynthesis, and carbon utilization (14, 42, 43, 45, 90, 92) .
REGULATION BY SUPERHELICAL MODULATION OF TERTIARY STRUCTURE
The imposition of a negative linking difference on a topological domain of DNA may alter the tertiary structure through its effect on Wr. In short regions, this can cause looping, while in longer regions it can induce plectonemic interwinding. Looped structures can form microdomains, which act as small independent topological domains. This process has been proposed to be involved in prokaryotic transcriptional activation (56) . The formation of an interwound structure brings regions that are remote along the sequence into close physical proximity. If the DNA reptates through such a structure, eventually any site will find itself close in space to any other site. In this way, plectonemic interwinding can greatly enhance the opportunities for sites remote along the duplex, or molecules bound thereto, to interact. This effect is the basis for the activity of the NtrC-dependent enhancer in E. coli, which can act in a supercoil-dependent manner over large distances, on the order of 2000 bp (50) .
REGULATION BY SUPERHELICALLY DRIVEN TRANSITIONS TO ALTERNATIVE SECONDARY
STRUCTURES DNA supercoiling is known to drive transitions to a wide variety of alternative secondary structures, including local denaturation (44) , transitions to Z-form (5) and to H-form (40) , and cruciform extrusion (48) . The formation of alternative DNA structures can serve regulatory functions, either by forming or modifying a regulatory binding site, or by altering the level of unconstrained supercoiling in the balance of the domain (3, 4, 7, 8) . Dai & Rothman-Denes have shown that the bacteriophage N4 virion RNA polymerase (vRNAP) promoters contain short inverted repeat sequences centered at position −12 (22) . These sites extrude cruciforms that are required for vRNAP recognition at physiological levels of supercoiling.
Negative superhelicity is known to destabilize the DNA duplex at specific locations (44) . This effect, known as stress-induced duplex destabilization (SIDD), has been implicated in a variety of regulatory processes, including many that are involved in transcriptional regulation. SIDD can decrease the energy required for open complex formation and thereby increase transcriptional activity. Travers and coworkers used in vitro transcription and S1 nuclease to probe the structure of the tyrT promoter. They found that negative supercoiling increased the rate of initiation of transcription from this promoter by inducing unwinding that assisted open complex formation (26) . SIDD also can affect the binding affinities of single strand-specific DNA binding proteins. Levens and coworkers have shown that the FUSE element located 1500 bp upstream from the promoter region of the human c-myc gene regulates the initiation of transcription from that gene (54) . The mechanism for this activation is formation of a SIDD site at the FUSE element, which then reacts with the single strand-specific regulatory binding protein FPB. Although this eukaryotic system has a large set of other regulatory transcription factors and elements, in the absence of this specific system endogenous c-myc expression cannot be sustained.
Local denaturation is the most extreme form of duplex destabilization. By altering the helicity of the region involved, local denaturation diminishes the level of unconstrained superhelicity experienced by the rest of the topological domain. This process can affect any regulatory activity that is attuned to supercoiling levels. The converse process, whereby the binding of a DNA duplex binding protein to a destabilized site can force it back to B-form, also can be important. For example, this binding-induced reassociation can transmit the destabilization from the original SIDD site to the next most susceptible location, which can be a substantial distance away. We describe below cases where this process regulates promoter activity.
SIDD ANALYSIS
Local transitions to conformations that are less twisted in the right-handed sense than the B-form can be driven by negative superhelicity (i.e., Lk < 0). By accommodating some of the imposed linking difference as a net decrease of the local twist at the transition site(s), they diminish by a corresponding amount the superhelical deformation imposed on the balance of the molecule. Although transition to an alternative conformation requires energy, it also releases energy by this partial relaxation. In a domain containing a single susceptible site, transition will occur when the energy it releases exceeds its energy costs.
Experimentally observed superhelical transitions include cruciform extrusions (48), transitions to Z-form (83) , and to H-form (40, 44) . While regulatory roles have been suggested for each of these types of transitions, to date only strand separation has been shown to be widely involved in regulation.
The constraint imposed by DNA superhelicity is the constancy of the linking number within a topological domain. Suppose this domain contains N base pairs, and that it is in a state in which n base pairs are denatured. If the helical twist of B-DNA is A bp/turn, then n/A helical turns are untwisted when these n base pairs change from B-form to the unstressed denatured state. If Lk = −n/A, then this transition completely relaxes the imposed superhelicity. However, if n has any other value, complete relaxation does not occur and a residual deformation remains. Because single-stranded DNA is highly flexible, this residual deformation will cause the two single strands within an unpaired region to helically rotate around each other with a twist rate of τ radians per bp. The residual linking difference Lk res is the amount of the imposed linking difference that remains after these two twist effects of the transition are accounted for. In this way, the superhelical constraint is expressed by the equation
Although thermal denaturation in linear or nicked DNA involves only nearneighbor interactions, when the transition is driven by superhelicity, this constraint globally couples together the conformational states of all the base pairs within a topological domain. This coupling occurs because transition of any base pair alters its helicity, which by the above equation changes the partitioning of Lk throughout the domain. So whether transition occurs at a given site depends not just on its local sequence properties, but also on how that transition competes with all others to which the domain is susceptible. For this reason, strictly local methods are not appropriate for analyzing superhelical transitions. Instead, these must be analyzed as global events, including competitions among all local transitions that the base sequence of the domain permits.
The behavior of a superhelical domain that contains multiple sites susceptible to transitions will be determined by a possibly complex competition among them. Whether or not transition occurs at a specific site will depend not just on its local properties, but also on how well that transition competes with others elsewhere in the domain. For example, Lilley and colleagues have shown that local denaturation of an A + T-rich region contained within a supercoiled DNA plasmid requires a significantly higher level of negative supercoiling when a (TG) 12 region is inserted in the plasmid (12) . This insertion creates a site that can form left-handed Z-DNA under superhelical tension, and this transition competes effectively with denaturation. This illustrates how superhelically induced structural transitions compete with one another for the negative superhelical energy required for their formation, with the presence of a more susceptible site inhibiting less favorable transitions at other positions. However, this competition is not determined exclusively by the energy costs of the competing transitions themselves, but rather by the net energy difference for each between its cost and the relaxation it affords. Thus, even though the B-Z transition may be energetically more expensive than denaturation, it still can be favored because it produces significantly more relaxation per transformed base pair.
In general, a given linking difference imposed on a DNA domain can be accommodated by many combinations of torsional and flexural deformations, and by those conformational transitions to which its base sequence renders it susceptible. All of these responses to superhelicity require energy, and they all are topologically coupled together by the superhelical constraint arising from the requirement that the linking number must remain constant. In consequence, there are very many conformational states accessible to such a molecule. The competition among these alternative conformational states determines a thermodynamic equilibrium distribution. That is, a population of identical molecules at equilibrium distributes itself among all accessible states according to their energies, with low-energy states being exponentially more populated than high-energy states.
Benham and coworkers have developed theoretical techniques to analyze the superhelical stress-induced destabilization of the DNA double helix (5, 32, 86) . Although these methods focus explicitly on denaturation, the same formalism can be applied to analyze other types of transitions. The values of the energy parameters used in these calculations have all been taken from experimental measurements. In particular, the free energy required for denaturation is known to depend significantly on base sequence and environmental conditions (15, 85) . This is why destabilization is not uniform along a sequence, but instead is concentrated at specific locations.
These methods calculate two SIDD properties at single base-pair resolution in domains of specified base sequence and superhelicity. The transition profile is the graph of the probability of denaturation of each base pair along the DNA sequence. A more sensitive measure of destabilization may be calculated as the incremental free energy G(x) needed to force the base pair at position x to always be separated (7, 25) . A value of G(x) near or below zero indicates an essentially completely destabilized base pair, which is predicted to denature with high probability at equilibrium. Positive values of G(x) occur for base pairs where incremental free energy is needed to assure separation. denaturation probability profile (B) for the experimental pDH wt plasmid containing the ilvP G promoter that was used in experiments described in the following section.
SIDD profiles are more informative than transition profiles because they also depict sites where the amount of free energy needed to induce denaturation is fractionally decreased, but not enough to denature with a significant probability. This will be important when duplex opening occurs by processes that can provide sufficient free energy to cause local denaturation only if the DNA site involved already is marginally destabilized by stresses. Such partially destabilized regions could be biologically important as facilitators of strand separation by enzymatic or other processes.
Calculations have been performed of the predicted stress-induced destabilization properties of numerous genomic DNA sequences. These calculations commonly assume a superhelix density of −0.055, which corresponds to a midphysiological value; however, calculations at any superhelical density are possible. The deformation and transition energy parameters are given their experimentally measured values, so there are no free parameters in the analysis. Yet the predictions of these calculations are in precise quantitative agreement with experimental results in all cases for which experimental data on the locations and extents of superhelical denaturation are available. The sites that denature are predicted exactly, and the calculated extents of transition at each site agree precisely with the experimental measurements. In every case, the predicted superhelicity required to drive a specific amount of separation is within one turn of the observed value over the whole range where experiments were performed (6, 9, 32) . This reflects the limit of accuracy with which extents of transition can be experimentally measured. And most importantly, the major changes in the locations of destabilized regions that result from minor sequence alterations are precisely predicted.
GLOBAL REGULATION OF GENE EXPRESSION BY DNA TOPOLOGY-DEPENDENT MECHANISMS
To enable an organism to be both metabolically efficient and rapidly adaptive, mechanisms must exist to coordinate its global patterns of gene expression to its growth and environmental conditions. We propose that global levels of gene expression from specific promoters are coupled to the growth and nutritional states and environmental conditions of the cell through the regulation of transcriptional initiation by mechanisms that are sensitive to DNA superhelicity. This implies, for example, that the basal level expression of operons encoding structural genes for the biosynthesis of intermediary metabolites should be coordinated above the operonspecific level, so their basal expression levels are low when the chromosomal superhelical density is low, and are high when it is high. Work in our laboratories has shown this to be the case for operons of the ilv regulon, which encode the structural genes for the enzymes required for the biosynthesis of the branched chain amino acids, L-isoleucine, L-valine, and L-leucine ( Figure 3) . We also have shown that genes encoding tRNA Leu , which are not in the ilv regulon, are also expressed in a manner that is tuned to biosynthetic demand through chromosomal supercoiling.
Unlike genes for catabolic systems that are transcriptionally inactive in the absence of a catabolite-inducer, genes required for the biosynthesis of intermediary metabolites such as amino acids must be continuously expressed at levels tuned to the amounts of their pathway end-products. For example, operons regulated by attenuation, such as the ilvGMEDA, ilvBN, and leu operons of the ilv regulon, continuously transcribe a leader RNA whose translation into a leader polypeptide monitors the intracellular levels of their pathway end-products (46) . The ilvY gene of this regulon also must be continuously expressed to maintain an IlvY protein-DNA complex that continuously monitors cellular levels of the α-acetohydroxyacid isomeroreductase substrate, and adjusts the expression of the ilvC gene accordingly (71, 72) . Because these monitoring activities that are typical of biosynthetic systems present a high energy cost to the cell, one expects global mechanisms to exist that coordinate them both with each other and with cellular demand. These global mechanisms would be expected to respond to the energy charge of the cell in a manner independent of operon-specific controls.
In this section we describe the ilv regulon, a well-understood system involving hierarchical levels of global and operon-specific regulation that together coordinate the biosynthesis of branched chain amino acids with the metabolic demands of the cell and its nutritional and environmental growth conditions. We begin with a brief description of the metabolic and operon-specific genetic regulatory mechanisms of this regulon that coordinate rates of carbon flow through these branched chain amino acid biosynthetic pathways with the expression levels of the genes encoding the enzymes of these pathways. Then we describe the energy charge-coupled, DNA supercoiling-dependent, mechanisms that coordinate the basal levels of expression of operons of the ilv regulon with one another, and with the nutritional and environmental growth conditions of the cell, in ways that are independent of the operon-specific controls.
Metabolic and Operon-Specific Regulatory
Mechanisms of the ilv Regulon METABOLIC REGULATION Carbon flow through biosynthetic pathways is regulated by end-product inhibition of the first enzyme specific for each pathway (89), so threonine deaminase is end-product inhibited by L-isoleucine, and β-isopropylmalate synthase is end-product inhibited by L-leucine (Figure 3) . However, because the parallel pathways for L-valine and L-isoleucine biosynthesis are catalyzed by a single set of bifunctional enzymes, L-valine inhibition of the first enzyme specific for its synthesis would compromise the cell for L-isoleucine biosynthesis. This type of a regulatory problem is often solved by using multiple isozymes that are differentially regulated by multiple end-products. In this case, there are three α-acetohydoxy acid synthase (AHAS) isozymes that catalyze the first step of the L-valine pathway, which is also the second step of the L-isoleucine pathway. AHAS I and AHAS III have substrate preferences for condensation of the two pyruvate molecules required for L-valine and L-leucine biosynthesis, and are both endproduct inhibited by L-valine. AHAS III is also end-product inhibited by L-leucine. The third isozyme, AHAS II, which has a substrate preference for the condensation of pyruvate and α-ketobutyrate required for L-isoleucine biosynthesis, is not inhibited by any of the branched chain amino acids. These intricate metabolic circuits respond to substrate inputs and end-product outputs to insure a balanced flow of carbon substrates through these pathways under all growth conditions. GENETIC REGULATION The ilv regulon contains 15 structural genes organized into five operons, ilvGMEDA, ilvBN, ilvIH, ilvYC, and leuABCD ( Figure 3) . A variety of genetic regulatory mechanisms are involved in regulating these operons. The ilvGMEDA, ilvBN, and leuABCD operons are controlled by transcriptional attenuation mechanisms that respond to the levels of aminoacylated-, leucyl-, valyl-, and isoleucyl tRNA in the cell (31, 33, 36, 47, 57) . The two remaining operons, ilvIH and ilvYC, are each regulated by other operon-specific mechanisms that are uniquely suited to the biosynthetic roles of their gene products.
The ilvIH structural genes encode the heterodimeric subunits of AHAS III. At the metabolic level, this isozyme is end-product inhibited by L-valine and L-leucine. At the genetic level, ilvIH operon expression is repressed by free L-leucine, as mediated by the global regulatory L-leucine-responsive protein, Lrp. In the absence of L-leucine, Lrp cooperatively binds to six highly degenerate sites within a 250-base pair upstream region, which activates transcription from the downstream promoter of the ilvIH operon. In the presence of L-leucine, this higher-order Lrp-DNA complex dissociates, and transcription from the promoter decreases (17) . The supercoiling dependence of this operon has not yet been investigated.
Each of the four operons of the ilv regulon described to this point is regulated at the genetic level by mechanisms that respond to the intracellular levels of their pathway-specific end-products, either a free branched chain amino acid (ilvIH) or the cognate branched chain aminoacyl-tRNAs (ilvGMEDA, ilvBN, and leu). In contrast, the ilvC gene of the ilvYC operon is regulated by its substrates, not by pathway end-products. To understand this unusual situation, consider the biochemical role of the ilvC gene product, α-acetohydroxyacid isomeroreductase. This enzyme catalyzes the rate-limiting step in parallel pathways, and hence must be responsive to changing concentrations of substrates produced by the three differentially regulated AHAS isozymes. By tuning its gene expression level to the concentration of substrate, it can keep carbon efficiently flowing through any or all of these parallel pathways.
The ilvY and ilvC genes comprising the ilvYC operon are oppositely oriented and divergently transcribed from overlapping promoter sites (Figure 4 ). Operonspecific regulation is mediated by the IlvY protein, the product of the ilvY gene. IlvY is a member of the LysR family of regulatory proteins (78) . It is a homodimer that cooperatively binds to adjacent operator sites O 1 and O 2 in the divergent promoter region in a manner independent of substrate-inducer concentration. The O 1 site covers the region between positions −10 and +1 of the ilvY promoter. By modulating the expression of its own gene, IlvY effectively autoregulates its own synthesis. The O 2 site is located on the opposite face of the helix from O 1 , and overlaps the −35 region of the ilvC promoter (93, 78) . In the absence of substrate-inducers, the IlvY protein causes a 60
• bend centered at the −35 region of the inactive ilvC promoter. When substrate-inducers bind to this preformed IlvY protein-DNA complex, the bend is relaxed and the affinity for RNA polymerase is increased 100-fold (72) . The IlvY protein is autoregulated at a level that keeps these operators nearly saturated at all times. In this way, the IlvY protein-DNA complex acts as a sensor of the intracellular abundance of the α-acetohydroxyacid isomeroreductase substrates, thereby continuously adjusting expression of the ilvC gene to the abundance of its substrates, synthesized by the three AHAS isozymes. Hatfield, unpublished data). In the third case, the basal level expression of the ilvC gene is enhanced by additional local superhelical energy contributed to the ilvC promoter region by divergent transcription of the ilvY gene (61, 62, 71) . In each case, local superhelical energy is provided to the promoter regions to amplify promoter activity over the entire range of global physiological superhelical densities in a manner that coordinates the basal level expression of these operons within multiple regulons, both with one another and with the energy charge of the cell. Each of these mechanisms is described separately below.
Global Control of Basal Level Expression of the Operons of the ilv Regulon

REGULATION OF TRANSCRIPTIONAL INITIATION BY PROTEIN-MEDIATED TRANSLOCA-
TION OF SUPERHELICAL ENERGY As described above, negative superhelicity imposed on a DNA domain can drive local transitions to alternative, nonB-DNA conformations. This transition behavior can be influenced by proteins that bind at or near susceptible sites. For example, if a DNA region that would be favored to form a superhelix-induced alternative structure becomes trapped in the B-form by the binding of a protein, transition may instead occur at the next most favored site, which could be remote along the sequence. In this way, protein binding events can cause the translocation of destabilization to other sites. If this second site is in the −10 region of a promoter, this binding-induced translocation of destabilization can activate transcriptional initiation by facilitating open complex formation. This is the basic mechanism employed by the ilvGMEDA and leuV operons.
The ilvGMEDA operon Nested 5 -deletions extending into the ilvP G promoter of the ilvGMEDA operon identified an upstream activating region (UAS). This UAS contains a high-affinity Integration Host Factor (IHF) target binding site located 92 base pairs upstream from the transcriptional start site. Biochemical and genetic experiments have shown that IHF binding to this site, both in vivo and in vitro on a supercoiled DNA template, causes a fivefold activation of transcription from the downstream ilvP G promoter (97) . Several experimental approaches have established that this activation occurs in the absence of specific protein interactions between IHF and RNA polymerase; it is not the consequence of a DNA looping mechanism; and it requires a superhelical DNA template (64, 65, (79) (80) (81) .
The possible presence of a SIDD site in the UAS was first suggested by the observation that the base-pair composition of the ilvP G promoter-regulatory region is exceptionally A + T rich, the 80-bp segment from bp positions −67 to −153 being approximately 88% ( A + T) ( Figure 5 ). In order to determine if this region does indeed contain a SIDD site, SIDD profiles were calculated for the pBR322-based plasmid pDH wt (79) . This plasmid contains the ilvP G promoter region from positions −248 to +6, together with transcriptional terminators located downstream from the ilvP G start site. The results of these calculations are presented as destabilization profiles in Figure 2 . Subsequent chemical probing experiments confirmed that, in the absence of IHF, the UAS region was indeed destabilized at the superhelix densities where activation occurs. Moreover, IHF binding in the UAS region of a superhelical DNA template resulted in the transmission of this duplex destabilization into the −10 region of the downstream ilvP G promoter site. Abortive transcription assays showed that this DNA structural change at the downstream promoter site is correlated both with an increase in the rate of open complex formation, and with a concomitant increase in the rate of transcriptional initiation (79) .
These results suggested that a novel, protein-mediated, DNA supercoilingdependent, DNA structural transmission mechanism regulates basal level transcription from the ilvP G promoter (Figure 6 ). In this mechanism, the binding of IHF prevents superhelical destabilization at the SIDD site in the A + T-rich UAS region, which transfers that destabilization to the −10 region of the nearby ilvP G promoter. This explanation accounts for the DNA supercoiling-dependence of the IHF-mediated activation of transcription from this promoter, and for the fact that this activation occurs in the absence of specific interactions with RNAP.
According to this mechanism, the primary determinant for IHF-mediated activation is predicted to be superhelically induced DNA destabilization. Neither specific DNA sequences nor specific IHF-RNAP interactions are required. To directly test this prediction, the sequence (CG)13AATT(CG)22 was inserted into plasmid pDH wt approximately 500 base pairs upstream from the UAS-ilvP G promoter to yield plasmid pSS Z (80). This sequence is susceptible to a superhelically induced transition to Z-form DNA (69) . Because the B-Z transition at this remote site competes effectively with the SIDD site in the UAS, this insertion can alter the destabilization properties of the UAS without changing the DNA sequence in any part of the ilvP G regulatory-promoter region. This transition was shown to absorb 13 negative superhelical turns, thereby relaxing the global superhelix density of the remainder of the supercoiled DNA template by a corresponding amount. Since this B-Z transition occurs at a lower threshold superhelical density (σ = −0.025) than does the destabilization of UAS (σ = −0.038), it inhibits UAS destabilization until approximately 13 additional negative superhelical turns have been added to the DNA template. If the energy required for IHF-mediated transcriptional activation is indeed derived by IHF binding-induced transfer from the destabilized UAS region, then the superhelicity required for IHF activation in the pSS Z plasmid should be offset by approximately 13 turns. The results of transcription assays on DNA templates of defined superhelix densities showed this to be the case. The superhelicities required both for half-maximal basal level and for IHF-activated transcription were indeed offset by 13 turns (79). This experiment clearly demonstrated that IHF-mediated transcriptional activation of the ilvP G promoter is solely DNA supercoiling-dependent and confirmed the predictions of the protein-mediated, DNA structural transmission mechanism of transcriptional activation proposed above. The leuV operon The leuV operon of E. coli encodes three of the five genes for tRNA Leu1 isoacceptor. Like other stable RNA-encoding genes, it has a strong promoter, with near-consensus RNAP recognition sequences and a G + C-rich discriminator region located between base pair positions −8 and +1 (Figure 7) . Transcription from the leuV promoter is enhanced by a third RNAP recognition element located between base pairs −39 to −47. This A + T-rich UP sequence makes contacts with the α-subunits of RNAP, stabilizes closed complex formation, and activates leuV expression more than tenfold (30, 67, 73) . The upstream activating sequence (UAS) of this promoter contains a Fis protein binding site centered at base pair position −71. Fis binding to this site enhances leuV expression an additional threefold (74) .
A large body of evidence demonstrates that Fis is a class-I activator, enhancing transcription by increasing RNAP binding affinity through direct contacts with the C-terminal domain of its α-subunits (12, 13, 15, 60, 98) . However, other mechanisms also are involved in Fis activation of stable RNA promoters. For example, Fis binding has been shown to increase the rate of promoter clearance at the rrnD A SIDD profile of the promoter-regulatory region of the leuV operon is shown in Figure 8 . At a midphysiological superhelical density of σ = −0.05, this region is predicted to be destabilized from base pair positions +43 to −94. The Fis protein binding site is located in the upstream region of this SIDD site centered at base-pair position −72. An interesting feature of the SIDD profile is the sharp peak of duplex stability at the G + C-rich discriminator region between positions +1 and −8. The presence of this region of high duplex stability at a site where strand separation must occur predicts a high energy of activation for open complex formation. Indeed, leuV transcription is exceptionally sensitive to negative DNA supercoiling, increasing over 100-fold from its lowest level on a relaxed DNA template to its highest level on a more supercoiled DNA template. The SIDD profile further predicts that the upstream region of the SIDD site should be stabilized by Unlike the ilvP G promoter that reaches its peak transcriptional activity at a high physiological superhelical density near σ = −0.10, transcriptional activity of the leuV promoter peaks at a superhelical density near σ = −0.07 and decreases thereafter to the level observed on a relaxed DNA template. This decrease in transcriptional activity at high superhelix densities is accompanied by the formation of a cruciform structure located between base-pair positions +8 to +26 relative to the transcriptional start site. Structural probing experiments with DNA topoisomers show that the threshold superhelical density required for extrusion of this cruciform structure is σ = −0.069, the same superhelical density beyond which transcription from the leuV promoter decreases. This suggests that, at superhelical densities beyond this threshold, the global and Fis-transferred local superhelical energy in the promoter region is absorbed by the cruciform. This transition has two effects on leuV gene expression: It usurps the local superhelical energy that would otherwise have been transferred to the promoter region by Fis for open complex formation, and it physically blocks RNAP binding. A schematic diagram illustrating how Fis binding and DNA supercoilinginduced structural transitions regulate transcription from the leuV promoter is presented in Figure 9 . At the low physiological superhelical densities typical of stationary phase growth, transcription from the leuV promoter is very low. This is due to the energy barrier for open complex formation caused by the G + C-rich discriminator near the transcription start site. Under these conditions, Fis can activate transcription about threefold by increasing RNAP binding through interactions with its α-subunits. Since this low level of global superhelicity is insufficient for SIDD site formation, no additional activation by Fis-mediated translocation of superhelical energy to the promoter site is possible. As the global superhelicity of the DNA template is increased to the midphysiological range, the energy barrier for open complex formation caused by the discriminator is decreased and transcription increases up to 100-fold. As the SIDD site now is present, Fis binding can activate transcription both by enhancing RNAP binding and by protein-mediated translocation of superhelical energy to the promoter region. As the global superhelical density passes beyond the midphysiological range, the superhelical energy at the SIDD site is usurped by formation of the cruciform structure near the transcription start site, and RNAP binding is inhibited.
REGULATION OF TRANSCRIPTIONAL INITIATION BY TRANSCRIPTIONAL COUPLING
LysR-type regulated operons are the largest class of positively regulated operons, and are found in many prokaryotic species (37, 78) . The prevalence of a divergent gene arrangement among the LysR-type regulated operons suggests an evolutionary conservation of potential regulatory significance. According to the twin-domain model (49), a local domain having a high level of DNA supercoiling can be generated between, and influence the activities of, divergently transcribed promoters. Mojica & Higgins have used in vivo psoralen cross-linking techniques to demonstrate that localized domains of increased negative DNA supercoiling are indeed generated upstream from an actively transcribed promoter (55) . They demonstrated DNA supercoiling-mediated transcriptional coupling between the divergently oriented tetA and mutant leu-500 promoters.
The ilvYC operon of E. coli K-12 is a prototypic LysR-type regulated system (78, 37). Rhee et al. used double-reporter gene constructs to provide the first in vivo evidence for transcriptional coupling in a naturally occurring system, the ilvYC operon of E. coli (71) . They showed that each of these promoters is intrinsically sensitive to global DNA supercoiling, and that a 13-fold decrease in transcriptional activity from the ilvY promoter results in an 11-fold decrease in transcription from the divergent ilvC promoter. This transcriptional coupling was shown to be the consequence of transcription-induced negative DNA supercoiling. In this situation, a highly stressed local topological domain is created in the promoter region by divergent transcription, in which the total supercoiling is the sum of the basal, global superhelicity plus the supercoiling arising from divergent transcription. This suggested a strategy to document and characterize transcriptional coupling in a purified in vitro transcription system. When a set of DNA topoisomer templates containing the wild-type, divergently oriented ilvY and ilvC promoters were transcribed in a purified system, optimal transcriptional activity was observed to occur at superhelical density σ = −0.065 for the ilvY promoter, and σ = −0.11 for the ilvC promoter (71) . If the level of negative DNA supercoiling in the divergently transcribed promoter region were in fact proportional to the sum of transcription-induced (local) DNA supercoiling and the global superhelical density of the DNA template, then a decrease in transcription (hence in transcription-induced supercoiling) from either promoter should require a compensating increase in global DNA supercoiling to maintain maximal transcription from its divergently transcribed partner. Conversely, an increase in transcription from either promoter should require a corresponding decrease in global supercoiling to maintain maximal transcription from the divergently oriented other promoter.
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Further, the twin-domain model of Liu & Wang (49) also predicts that the levels of transcription-induced negative DNA supercoiling in the divergent promoter domain region should be proportional to the lengths of the transcripts. Opel & Hatfield have performed in vitro experiments using a purified transcription system and DNA topoisomer templates containing the genes of the ilvYC operon that confirm both of these predictions (62).
SUMMARY AND PERSPECTIVES
We have proposed a model in which chromosomal superhelicity serves as a global regulator of gene expression in E. coli, tuning expression patterns across multiple operons, regulons, and stimulons to suit the current growth state, nutritional requirements, and environmental conditions of the cell. Because the level of DNA superhelicity varies with the cellular energy charge, it can change rapidly-often in less than a minute-in response to a wide variety of altered cellular and environmental conditions. This is a global alteration, affecting the entire chromosome and the expression levels of all operons whose promoters are sensitive to superhelicity. In this way, the global pattern of gene expression may be dynamically tuned to changing needs of the cell under a wide variety of circumstances.
This model is illustrated by the DNA supercoiling-dependent mechanisms that control basal level expression of the ilvYC and ilvGMEDA operons. The basal expression levels of these operons are coordinated by distinct, DNA supercoilingdependent mechanisms. However, both mechanisms have the same effect-to provide additional local superhelical energy to the promoter regions to lower the energy of activation for open complex formation and to increase the rate of transcription initiation from the promoter. This additional energy is important for biosynthetic promoters that must coordinate their transcriptional activity over the entire superhelical density range. Such promoters must possess a high superhelical density-activity optimum. This makes them, by definition, intrinsically weak promoters because of the high energy of activation required for open complex formation. However, by supplementing the global superhelicity of the chromosome with locally generated superhelicity, their promoter activities can be amplified to a level sufficient for their basal level functions, while at the same time maintaining their ability to increase their activity over the entire range of physiological superhelical densities. In the case of the ilvGMEDA operon, this is accomplished by IHF-mediated translocation of superhelical energy from an upstream SIDD site to the downstream promoter region. In the case of the ilvYC operon, this is accomplished by the additional local superhelical energy contributed to the ilvC promoter region by the divergently transcribed ilvY promoter. In both cases, promoter activities increase tenfold over the physiological superhelical densities that the chromosome encounters. Therefore, these different mechanisms serve to coordinate the basal level of expression of these two operons of a common biosynthetic pathway with one another and with the nutritional and physical signals that determine energy charge of the cell.
Since free amino acids are penultimate end-products for protein synthesis, it is perhaps not surprising that the operon encoding genes for the major leucyl-tRNA isoacceptors is also regulated by a similar DNA supercoiling-dependent mechanism. However, in this case the global regulatory, abundant, DNA architectural protein that mediates translocation of superhelical energy from the upstream portion of the SIDD site to the downstream promoter is Fis rather than IHF. Since the leuV operon is concerned with consumption rather than production, it has evolved a supercoiling-dependent mechanism to augment L-leucine conservation during periods of stress where the superhelical density of the chromosome is high. Under these conditions, leuV expression is controlled by a complex competition between an activating duplex destabilization, which is favored at midphysiological superhelical densities, and an inhibiting cruciform extrusion that occurs at more extreme superhelicity levels.
Note that these DNA supercoiling-dependent global regulatory mechanisms described here affect operon expression in a manner independent of the specific controls whereby these operons respond to the in vivo levels of metabolically important, small-molecule coregulators and other cellular signals. Instead, these mechanisms serve to adjust the basal level, or capacity, for operon expression according to changes in DNA supercoiling that reflect the energy charge of the cell.
There are many possible approaches for coupling superhelicity in a physiologically meaningful way. We have documented two distinct types of mechanismstranscriptional coupling at divergent promoters, and a novel, binding-induced transmission of destabilization. The prevalence of divergently oriented ORFs in E. coli suggests that some form of transcriptional coupling could represent a widespread regulatory mechanism. Although to date the transmission-of-destabilization mechanism has only been demonstrated to regulate two operons, other evidence suggests that this too could be a widely used regulatory strategy. Perhaps the most intriguing clue is the fact that both operons are regulated by highly abundant DNA architectural proteins, IHF and Fis, that bind to hundreds of sites on the E. coli chromosome. Another intriguing observation is that recently completed calculations of the SIDD profiles of the entire E. coli chromosome suggest the presence of approximately 1100 SIDD sites. Furthermore, the great majority of these sites are found in intergenic regions close to promoters (C. J. Benham, unpublished data).
Certainly, much work remains to assess the generality of our proposed model. Careful experimental evaluation of the structure and sequence motifs of IHF and Fis binding sites will enable us to search the E. coli genome for binding sites, and cross-linking immunoprecipitation experiments with DNA microarrays will allow an estimation of in vivo occupancy at these sites. These results together with the results of gene expression profiling experiments will allow us identify genes in the vicinity of IHF or Fis binding sites that overlap SIDD sites. This approach will illuminate which genes are regulated by supercoiling-dependent mechanisms, which genes are regulated by IHF or Fis, and which among these are also regulated in a supercoiling-dependent manner.
